The HI cotransport of neutral and acidic amino acids induces transient depolarizations of oat coleoptile (Arena sativa L., var Victory) plasma membranes. The depolarizations, which are completed within 1 or 2 minutes, are followed by repolariztions that are nearly completed within another 2 or 3 minutes. Cysteine induced a two-phased alkalinization of the tissue free space during the electrical changes. The first phase was a rapid, linear increase in pH that coincided with the depolriztion; the second phase was a slower, also linear, increase in pH that coincided with the repolarization. Reacidification did not occur until cysteine was withdrawn. Five other acidic, basic, and neutral amino acids also induced persistent alkalinization of the free space.
second phase was a slower, also linear, increase in pH that coincided with the repolarization. Reacidification did not occur until cysteine was withdrawn. Five other acidic, basic, and neutral amino acids also induced persistent alkalinization of the free space.
The notable features of these measurements are that free-space pH was measured more directly than previously, that pH changes corresponded in time to the electrical potential changes, and that reacidification of the free space did not occur. The latter observation indicates that net H' efflux did not occur during repolarization and that the repolarizing current was carried by some other ion. We propose that repolarization could have depended upon depolariztion-induced changes in passive K' fluxes combined with an enhanced HI extrusion that increased until it equaled, but did not exceed, the enhanced influx of H'.
In support of the feasibility ofour hypothesis, we present a quantitative simulation model for cotransport. The simulation model also provides an interpretation of the unique electrical effects of histidine and the basic amino acids. In addition, the model focuses attention upon the difficulties of interpreting HI-anion cotransport.
Amino acids, sugars, and some other solutes appear to be taken into plant cells by cotransport with H+. Evidence for cotransport includes the solute-induced depolarizations of the cells membranes (4, 8, 18, 21, 24, 29, 30) and the solute-induced alkalinizations of the external medium (2, 3, 11, 13, 16, 18, 21, 23) . The cotransported influx of H+ is considered to carry the depolarizing current, and for that reason the alkalinization of the tissue free space should parallel in time the depolarization of the cell membranes.
In most measurements ofsolute-induced pH changes in higher ' Supported principally by National Science Foundation Grant PCM78-22826 and by the Vermont Agricultural Experiment Station. Vermont Agricultural Experiment Station Journal Article No. 545. plants, macroscopic pH electrodes were used to measure the medium in which tissue sections were suspended. Thus, the pH changes in the tissue free space were measured only indirectly; diffusion through the tissue ensured that interior regions of the free space exchanged solutes slowly with the bulk medium. When cotransported solutes were added to the suspending medium, a gradual alkalinization proceeded usually for many minutes to several hours. Clearly the time course of such measurements bears no similarity to the electrical depolarizations that peak within 1 min.
The electrical depolarizations of the cell membranes were transient; that is, the membranes spontaneously repolarized in the continued presence of the solute; and within 5 min the Em2 was generally stable once again. In the pH measurements just described, the medium occasionally reacidified, but again, very slowly. The usual interpretation for the Em and pH reversals is that an enhanced H+ extrusion pump expels the excess H+ brought in by cotransport. This extrusion pump is probably a pH-sensitivie ATPase (Ref. 9 and citations therein).
In our experiments we attempted to get better measurements of pH changes in the tissue free space. The result was that our solute-induced pH changes parallel in time the solute-induced electrical depolarizations. Unexpectedly, we observed no spontaneous reacidification ofthe free space. Thus, net H+ efflux was absent during repolarization, and the repolarizing current must have been carried by some other ion. Consequently, we propose that repolarization may depend upon depolarization-induced changes in passive K+ fluxes combined with an enhanced H+ extrusion that increases until it equals, but does not exceed, the enhanced influx ofH+. Several authors have reported a K+ effiux that is concurrent with the solute-induced H+ influx (2, 3, 13, 16) and is considered a passive response to the electrical depolarization caused by the H+-solute cotransport. This K+ effiux should offset some ofthe depolarization caused by the H+ influx, and the suggestion has been made that K+ efflux would function to reestablish the Em (23) . In support of the feasibility of our hypothesis, we present a quantitative simulation model for cotransport.
We also attempt to interpret, with the aid of the simulation model, the contrasting electrical effects of the neutral, basic, and acidic amino acids. Previous interpretations (8) vation of the H4 extrusion pump following the onset of cotransport. According to our observations, however, net efflux of H4 does not occur during repolarization. Therefore, the repolarizing current must be carried by another ion.
Under the conditions of our experiments, the repolarizing current may be carried by K4 moving passively in response to the reduced membrane polarity. The envisioned sequence is this: At the resting state, there is no net current across the membrane; that is, Em is steady at -130 mv. Net flux of H4 is zero or nearly so since free-space pH is steady. When amino acids are applied, H4 influx increases and thus exceeds efflux. H4 extrusion becomes stimulated and increases until it equals, but does not exceed, the enhanced H4 influx. By the time net H4 flux is zero again the membrane has become repolarized, but some ion or ions other than H4 must have provided the necessary current. In the simplest case, K+, initially at passive equilibrium, carries the repolarizing current as it responds electrophoretically to the reduced polarity ofthe membrane. When repolarization has been achieved, net K4 flux returns to zero. This case is a likely one because EK is close to Em at an external K4 concentration of 1 mM (1, 15, 20) . In addition, K4 will respond electrophoretically to Em because of the relatively high permeability of the membrane to K4 and because of the high internal concentrations of K4 (1, 15, 20) . Although the repolarizing current may be carried by passive ion fluxes, the active H4 extrusion pump is still essential for repolarization, and the ATP dependence of the spontaneous repolarization has been demonstrated (9) . The enhanced activity ofthe extnrsion pump slows and eventually halts net H4 influx.
The condition of initial passive equilibrium for K4 is not essential, however. Under certain conditions (e.g. higher or lower external K4 concentrations, EK will not equal EM, and ignificant pumping will occur so that a pump and leak combination will exist. declines further, and repolarization is sluggish.
Fluxes. Figure 7 illustrates that the simulation model generates fluxes compatible with observation or expectation. The amino acid-cotransported H+ influx (JA) is offset by increases in H+ extrusion (Je), but the net H+ flux (JA + J + Ji) never assumes negative values (i.e. never becomes outwardly directed). Net K+ flux (.JK) mirrors the Em, and like the net H+ flux, rises and falls quickly, quite unlike the long-term, solute-induced K+ effluxes measured previously from bulk preparations (2, 3, 13, 16 for experimental evidence for the essentiality of H+ extrusion).
Basic Amino Acids. The standard run ofthe simulation model assumes a neutral and uncharged amino acid cosubstrate. For the basic amino acids, we assumed a positively charged cosubstrate plus a cotransported H+. Thus, the ratio of H+ released to charges delivered is 1:2. Consequently, the H+ extrusion pump can carry off only half the delivered charge at steady pH values, and the remainder is carried offby K+ responding to the reduced polarity. After the return of steady Em and pHi, -JK = JA. The effect is a simulated depolarization that recovers weakly or not at all (Fig. Sb) and corresponds closely with observed phenomena (Fig. 2; Ref. 8 ).
The simulation model is also compatible with the uniport hypothesis for the transport of the basic amino acids. (Let c = I and p = 0 in the simulation.) Amino (Fig. 4) may or may not signify cotransport (see Ref. 12) . A quantitative analysis of published transport experiments led to the conclusion that amino acids are transported via two channels. One is a general channel that transports all the amino acids (including the basic). The second channel has high affinities only for the basic amino acids (7) . An attractive, but unsupported hypothesis is that the first is a cotransport channel and the second a uniport channel.
Histidine. To simulate histidine cotransport, Ka was set to 10-6 M, and the pH-dependent repolarization (Fig. 5c ) resembled observed responses (Fig. 3) . The explanation is that lower external pH values induce lower pHi values and higher rates of uptake of H+ from both J, and JA. The cytoplasmic pH stabilizes at 6.93 at an external pH of 5, and a portion of the histidine molecules brought into the cytoplasm remains protonated. These protonated histidines are similar in effect to the basic amino acids cations and must be offset by K+ efflux. At higher external pH values, the cytoplasmic pH is higher, and uptake rates of H+ are not as great. The pHi stabilizes at 7.18 at an external pH of 7, and the fraction of protonated histidine molecules is smaller. After the return of steady Em and pH, (no net H+ flux), K+ efflux is a function of JA and the fraction of histidine molecules that accumulate in the protonated form. Therefore Acidic Amino Acids. The simulation model does not work for acidic amino acids unless we modify the model or assume the participation of nonproton cations in the cotransport. If the carrier is assumed to transport an anionic amino acid, a H+, and another cation; then the simulation is indistinguishable from that for neutral amino acids (as are experimentally observed aspartic acid-induced depolarizations [8] ). If the carrier transports an anionic amino acid and one HW, the uptake is not electrogenic, contrary to observation. If the carrier transports an anionic amino acid and two H+, the simulated cell undergoes a transient depolarization followed by a large hypolarization as a consequence of cytoplasmic acidification, since the H+ to charge ratio would be 2:1 (Fig. Sd) . Nevertheless, several authors have con- 
